Mass concentrations of particulate matter (PM), including PM 1.0 , PM 2.5 and PM 10 , were measured from October 13 th to November 30 th 2013 at eight sites in Northeast China to evaluate their variations during pollution periods. Five major pollution periods were identified during the autumn of 2013. The maximum daily average PM 2.5 concentrations were 437 ± 85 µg/m 3 and 322 ± 50 µg/m 3 in Harbin and Shenyang, respectively. The minimum was 75 ± 28 µg/m 3 in Dandong. The presence of finer particles was significantly related to visibility degradation during pollution periods. Wind speeds had a negative correlation with PM concentrations, while high relative humidity (RH) favored the formation of haze in Northeast China.
INTRODUCTION
Particulate matter (PM) pollution exerts an important influence on human health (NRC, 1998; Pope et al., 2009 ), visibility (Ghim et al., 2005 Che et al., 2007) and climate (Okada et al., 2001; IPCC, 2013; Wang, 2013) . The particles suspended in the atmosphere reduce visibility by scattering and absorbing light (Kim et al., 2006; Elias et al., 2009) . The reduction of visibility is serious during heavy pollution periods and can be regarded as an indicator of air quality (Watson, 2002) .
In China, haze is usually viewed as an atmospheric pollution phenomenon caused by large numbers of aerosol particles in the atmosphere, with visibility < 10 km when ambient relative humidity (RH) is below 90% (CMA, 2003; Sun et al., 2006) . The formation of haze is closely related to meteorological factors, as well as to particulate matter in the atmosphere (Hu et al., 2002; Wang et al., 2003) , especially matter contributed by anthropogenic emissions and gasparticle conversions (Dillner et al., 2006) .
As the occurrence of haze episodes has become more frequent, the impact of regional haze across East Asia has been more widely studied (Koe et al., 2001; Ramanathan et al., 2001; Franke et al., 2003) . In China, haze episodes often occur in developed regions such as the North China Plain (NCP) (Sun et al., 2013; Zhang et al., 2013; Che et al., 2014) , the Yangtze River Delta (YRD) (Che et al., 2009; Deng, 2011; Du et al., 2012; Yang et al., 2012; Cheng et al., 2013) and the Pearl River Delta (PRD) (Lü et al., 2009; Yue et al., 2010; Zhang et al., 2012) .
Being the largest heavy industry and grain commodity base, the northeastern provinces of China play an important role in China's economic development. Therefore, studying airborne particles in northeastern China is both significant and meaningful. As a result of the rapid increase in population growth, energy consumption and the increasing usage of vehicles in recent decades, particulate pollution, air quality and visibility degradation have become serious environmental issues in Northeast China (Ma et al., 2005; Cheng et al., 2010; Zhao and Ma, 2011) . Wang et al. (2012) identified central Liaoning Province as one of the key areas for regional air pollution prevention and control because of its growing population and economic development. Zhao et al. (2012 Zhao et al. ( . 2013a , Xia et al. (2007) and Wang et al. (2010) have analyzed aerosol optical properties and direct radiative forcing in northern China. In addition, Zhao et al. (2013b) have analyzed the characteristics of visibility and particulate matter in an urban area of Northeast China.
Several haze & fog episodes happened during October to November of 2013 in the whole northeast China region because of stable weather condition, biomass burning emission and warm-keeping season starting at the same time. These episodes caused closing of high ways, airports, and more than 2000 schools. In this paper, the mass concentrations of PM 10 , PM 2.5 and PM 1.0 (particle matters with sizes smaller than 10 µm, 2.5 µm and 1.0 µm in aerodynamic diameter, respectively) in Northeast China were measured from October 13 th to November 30 th 2013 to evaluate their characteristics. The potential relations between PM, visibility and other relevant factors, including RH and wind speed, were investigated. The aim of this paper is to better understand pollution in Northeast China, to present the characteristics of PM during pollution episodes, and to evaluate the role of meteorological parameters in visibility deterioration. This study provides useful information toward understanding air pollution in this region, which in turn could be helpful in improving regional air quality.
Site Description, Instruments and Data Measurement
Eight sites in Northeast China were selected for this study. Their geographical information is shown in Fig. 1 . Harbin is the capital of Heilongjiang Province, and is Northeast China's political, economic and cultural center. Changchun is the capital of Jilin Province. Both these cities represent metropolitan areas. Shenyang, Anshan, Fushun and Benxi are important cities in central Liaoning Province, and are located in an area which is not only the core of economic development in Northeast China, but also one of the few urbanized regions in Northeast Asia. Measurements at these four stations reflect the aerosol characteristics in urban, Northeast China. Dandong and Jinzhou are both coastal cities which are far away from sources of anthropogenic emission. The measurements taken there may reflect the aerosol characteristics of coastal areas in Northeast China.
A FD12 Visibility Automatic Observation Instrument and a GRIMM180 Particle Instrument were used to obtain visibility and PM mass concentrations over the eight sites. The measuring time of FD12 instrument is 15 s with an accuracy of ± 10% between 0.01 km-10 km and ± 20% between 10 km-50 km, and the measuring range is 10-50,000 m. The measuring time of GRIMM180 is 1-60 min which performance with an accuracy of ± 2% and the measuring range is 1-1,500 µg/m 3 . 3 . This may be caused by geographical and meteorological factors; coastal cities have better air quality than inland cities due to the diffusion of pollutants (Yang et al., 2005; Liu and Yang, 2007) .
Among the four 'multi-cities' in central Liaoning Province, the average PM concentrations were higher, especially in Shenyang. The maximum PM 10 was 803.20 ± 621.24 µg/m 3 which is also the highest of the all eight cities. In particular, the PM 10 concentration in Shenyang reached 5.33 times China's national ambient air quality standards (150 µg/m 3 ) (GB3095-2012:http://kjs.mep.gov.cn/hjbhbz/bzwb/dqhjbh/ dqhjzlbz/201203/t20120302_224165.htm). This result can be attributed to human activities (Zhao et al., 2013b) .
PM in Harbin was highest on October 20 th 2013, while in Changchun, the maximum PM value occurred on October 22 nd 2013, most likely resulting from pollutant accumulation. The maximum value recorded in the central Liaoning The above results show that a possible pollution transition process may exist. It is noted that the daily averaged PM is a more accurate tool for detecting and tracking pollution episodes. Fig. 3 and Table 2 show PM 2.5 /PM 10 , PM 1.0 /PM 10 and PM 1.0 /PM 2.5 ratios for days experiencing pollution. The accumulation of pollutants and the formation of secondary pollutants were the main factors causing pollution episodes. The effects of these two factors are better identified by comparing the concentration ratios of PM with different diameters.
The ratios of PM 2.5 /PM 10 for Harbin and Jinzhou were 0.83 ± 0.07 and 0.85 ± 0.09 during PE1, much higher than those at the other sites. The PM 2.5 /PM 10 ratios in Benxi and Fushun were low during all five pollution episodes, with means of 0.68 ± 0.10 and 0.66 ± 0.14, respectively. PM 1.0 /PM 2.5 ratios in Harbin and Changchun during PE1 reached ca. 0.93 ± 0.03 and 0.95 ± 0.06, respectively. This result shows that PM 1.0 were dominant in Northeast China during the pollution episodes.
Coarse atmospheric particles are usually considered to come mainly from natural sources such as dust; fine particles are mostly attributed to anthropogenic activities, including both primary emission and the secondary formation of particles from gaseous pollutants (Sun et al., 2013) . The high PM 1.0 /PM 2.5 ratio on pollution days highlights the increased contribution of anthropogenic pollutants, as observed by many field measurements (Tan et al., 2009; Du et al., 2011; Yin et al., 2012) . Fig. 4 shows that in Anshan 37.50% of the daily visibility averages are < 10.0 km, and only 14.58% are > 20.0 km. At Shenyang site, >50% of the daily visibility averages are < 10.0 km, indicating poor air quality in this region. The daily visibility average in Dandong is similar to that of Anshan; 40.82% of the daily visibility averages are < 10.0 km and only 20.41% are > 20.0 km.
Analysis of PM and Meteorological Data
It has been demonstrated by previous studies that atmospheric visibility is greatly influenced by particulate pollutants in Northeast China (Liu et al., 2010; Zhao et al., 2013c) . The relation between visibility and PM mass concentrations has been plotted in Fig. 5 , and a fitting nonlinear equation is also given.
There is a better non-linear relation between visibility and PM mass concentrations over Shenyang, and the results are similar to the graph produced by Jing et al. (2014) . This relation shows that visibility decreased exponentially as PM concentrations increased. The correlation coefficients (R 2 ) between PM 2.5 and visibility are 0.71, 0.86 and 0.48 for Anshan, Shenyang, and Dandong, respectively and the correlation coefficients (R 2 ) between PM 1.0 and visibility are 0.73, 0.89 and 0.50, respectively. The results suggested that there is a better correlation between PM and visibility in Shenyang, following by Anshan and Dandong. The high correlation between PM 2.5 /PM 1.0 concentrations and visibility indicates the seriousness of fine particle pollution in Shenyang. These observations suggest that higher The overall averages of RH, wind speed (V), pressure (P), temperature (T) and total water precipitation (TWP) over Northeast China during the five episodes are presented in Table 3 .
Meteorological conditions were quite stable during PE1 and PE2. The average V was almost < 2.0 m/s and the average RH was ~71-72%. The average precipitation during the two episodes was 2.78 ± 1.93 mm and 3.82 ± 2.95 mm, respectively. During PE3, PE4 and PE5, wind speed increased, while RH decreased slightly. The average V was 2.31 m/s, 2.80 m/s and 2.38 m/s during these three episodes and the average RH was 68.82%, 62.09% and 62.05%, Li et al., Aerosol and Air Quality Research, 15: 853-864, 2015 858 respectively. Compared to PE1 and PE2, precipitation was less in the later three episodes, with averages of 2.05 mm, 1.29 mm and 2.15 mm, respectively. Lower temperatures, with an average below 0°C, were observed in PE5. In general, the temporal variation of V showed a negative correlation with PM concentrations (Table 4) . Both low and high V affected the accumulation and diffusion of aerosol particles during pollution days (Che et al., 2014) . RH also correlated with PM concentrations. It was found that high RH was conducive to haze formation in Northeast China. Hennigan et al. (2008) identified that the formation of secondary aerosol species could be enhanced in highhumidity conditions. However, the washout effect of rainfall may result another negative correlation between PM and RH in some cases.
Variations in PM and Relative Meteorological Factors during Pollution Episodes
Based on the classification of haze in China (visibility < 10 km, RH < 90%) (CMA, 2003) , during the entire study period there were 16, 22, and 18 hazy days in Anshan, Shenyang, and Dandong, respectively. The average daily visibility at these three sites is shown in Fig. 6 together with V and RH. The gray bars represent hazy days. Generally, lower V and higher RH were observed on hazy days. Table 5 shows the average variations in PM concentrations and meteorological factors for clear days, hazy days, and the entire study period. On hazy days, average visibility was 5.7 ± 2.7 km, 5.5 ± 2.2 km and 7.4 ± 2.2 km at Anshan, Shenyang and Dandong, respectively. Visibility on the nonhazy days was ~2.5-3.0 times higher than that on hazy days. In contrast, the mean fine particle (PM 2.5 and PM 1.0 ) concentrations on hazy days were ~1.6-2.2 times higher than those on non-hazy days. Therefore, it is evident that the extremely high concentrations of airborne particles during hazy days were the most significant cause of bad air quality. The PM 1.0 /PM 2.5 ratios during hazy days were 0.89 ± 0.04, 0.85 ± 0.04 and 0.91 ± 0.04 in Anshan, Shenyang and Dandong, respectively. This suggests that PM 1.0 are dominant during hazy days.
The means of RH during hazy days were 61.7 ± 15.2%, 77.2 ± 8.8% and 76.1 ± 8.4% for Anshan, Shenyang and Dandong, respectively, much higher than the values on non-hazy days. The average V for the aforementioned three cities during hazy days was lower compared to non-hazy days, with mean values of 1.8 ± 0.6, 1.5 ± 0.6, and 2.4 ± 0.6 m/s. Weather conditions with high RH and low V during hazy days facilitate the accumulation of atmospheric pollutants, resulting in increased PM concentrations and a deterioration in air quality (Sun et al., 2006; Fan et al., 2009; Li and Shao, 2010; Quan et al., 2013) . Moreover, hygroscopic growth under favorable weather conditions enhances the effect that particles have on air quality. The values of R 2 between PM 2.5 and visibility were 0.71, 0.86 and 0.48 in Anshan, Shenyang, and Dandong, respectively. Those between PM 1.0 and visibility were 0.73, 0.89 and 0.50, respectively. These observations suggest that higher concentrations of fine particles are significantly related to visibility degradation.
SUMMARY
Visibility on non-hazy days is nearly 2.5-3.0 times that of hazy days. Observations of relative meteorological conditions show that high RH and lower V during hazy days may facilitate the accumulation of atmospheric pollutants. 
